To make sense of complex auditory scenes, the auditory system sequentially organizes auditory components into perceptual objects or streams. In the conventional view of this process, the cortex plays a major role in perceptual organization, and subcortical mechanisms merely provide the cortex with acoustical features. Here, we show that the neural activities of the brainstem are linked to perceptual organization, which alternates spontaneously for human listeners without any stimulus change. The stimulus used in the experiment was an unchanging sequence of repeated triplet tones, which can be interpreted as either one or two streams. Listeners were instructed to report the perceptual states whenever they experienced perceptual switching between one and two streams throughout the stimulus presentation. Simultaneously, we recorded event related potentials with scalp electrodes. We measured the frequency-following response (FFR), which is considered to originate from the brainstem. We also assessed thalamo-cortical activity through the middle-latency response (MLR). The results demonstrate that the FFR and MLR varied with the state of auditory stream perception. In addition, we found that the MLR change precedes the FFR change with perceptual switching from a one-stream to a two-stream percept. This suggests that there are top-down influences on brainstem activity from the thalamocortical pathway. These findings are consistent with the idea of a distributed, hierarchical neural network for perceptual organization and suggest that the network extends to the brainstem level.
Introduction
In natural auditory scenes where multiple sound sources are present, the auditory system must organize the components of acoustic inputs over time in order to form the perceptual objects or streams that correspond to appropriate sound sources (van Noorden, 1975; Bregman, 1990; Carlyon, 2004; Shamma and Micheyl, 2010; Bizley and Cohen, 2013) . Where and how is this complicated task achieved in the auditory system? Earlier psychophysical studies sought the physical cues that the auditory system uses for auditory stream formation (for example, differences of frequency, temporal structure and lateralization; for a review, see Moore and Gockel, 2012) . Subsequent neurophysiological studies found the neural representation of such cues mainly in the auditory cortex (Sussman et al., 1999; Fishman et al., 2001 Fishman et al., , 2004 . Recent studies using a physically unchanged stimulus that allows multiple interpretations of an auditory object have put more emphasis on dissociating the neural activities that correspond directly to auditory-object formation from those that reflect physical cues for streaming.
When a sequence of tones with two alternating frequencies (A and B tones) is presented (ABA-ABA-ABA-…, where the hyphen indicates a silent gap), listeners often report two types of percept (Fig. 1a) . One is the one-stream percept (S1) ("ABA-ABA-…") and the other is the two-stream percept (S2) (a fast-tempo "A-A-A-A-…" and a slow-tempo "-B-B-…"). Listeners tend to perceive S1 at the beginning of the stimulus presentation, and the probability of S2 increases gradually over several seconds (buildup of streaming). After the buildup stage, listeners often experience spontaneous switching between S1 and S2 in a stochastic manner (bistability) (Pressnitzer and Hupe, 2006) .
Several studies have investigated the neural correlates of the buildup Snyder et al., 2006; Pressnitzer et al., 2008; Cusack, 2005) and the bistability (Kondo and Kashino, 2009; Kashino and Kondo, 2012; Schadwinkel and Gutschalk, 2011; Gutschalk et al., 2005; Winkler et al., 2005) with such a stimulus. Pressnitzer et al. (2008) reported that the properties of neural adaptation in the cochlear nucleus of anesthetized guinea pigs differed for different frequency separations of the A and B tones and could explain the perceptual changes in the buildup for human listeners. They suggested that the buildup of auditory streaming begins in the cochlear nucleus, which is a low-level site in the hierarchical auditory system. However, certain questions remain regarding the neural correlates in the brainstem for the following reasons. First, the direct association between brainstem activity and perception is open to question because they described the relationship between neural activity in anesthetized guinea pigs and human behavior. Second, they measured neural adaptation, which probably does not correspond directly to perception: neural activities related and unrelated to perception can behave in parallel when driven by a stimulus onset in the buildup stage. Thus, the present study focused on bistability and attached importance to the simultaneous recording of brainstem activity and behavior during the switching stage in human listeners. The behavior during the stochastic switching stage reflects internal brain processes, and there is essentially no contribution from stimulus factors, in contrast to the buildup stage.
This study presents electrophysiological evidence that brainstem activity is correlated with subjective reports of perceptual states of auditory streams for human listeners. We recorded behavioral reports of perceived streams and evoked potentials at the brainstem level simultaneously. We recorded the frequencyfollowing responses (FFR), which are similar to the stimulus waveform and are considered to originate mainly from the brainstem (Skoe and Kraus, 2010; Chandrasekaran and Kraus, 2010) . We also simultaneously measured the middle latency responses (MLR) (Hall, 2006) , namely the evoked potentials originating from the thalamo-cortical pathway with a few cycles of slow (40 Hz) oscillation locked to the stimulus onset, to assess the temporal relationship of the activities in the thalamo-cortical pathway and in the brainstem.
Materials and methods

Listeners
Thirty adults (17 females and 13 males) with normal hearing participated in the experiment. They ranged in age from 18 to 31 years (mean ¼ 28). One listener whose perceptual state was inclined toward S2 (behavioral report of S2 was about 80% for a foursemitone separation between A and B) was excluded from the analysis. This was because, for this listener, the sample size of the electrophysiological data obtained for S1 was too small to allow reliable comparisons of the two states. The experimental protocols were approved by the Research Ethics Committee of Nippon Telegraph and Telephone (NTT) Communication Science Laboratories. All listeners gave written informed consent prior to the experiment.
Stimuli
The frequency difference between the A and B tones in the ABA-triplet was about four semitones (the A-and B-tone frequencies were 315 and 400 Hz, respectively). The duration of each tone was 50 ms, including 10-ms rising and falling raised-cosine ramps. The stimulus onset asynchrony (SOA), defined as the interval between the onset of one tone and the onset of the subsequent tone, was 110 ms. The duration of the silent gap (À) was 170 ms. The duration of the ABA-pattern was 440 ms (Fig. 1c) . The A-weighted sound pressure level of the stimulus was 75 dB. The stimulus was presented monaurally to the right ear via insert earphones (ER-3A, Etymotic Research, Elk Grove Village, IL). Thirteen of the thirty listeners took part in two additional experiments in which the frequency differences between the A and B tones were about two semitones and six semitones, respectively. The Atone frequency was the same as in the four-semitone condition (fixed at 315 Hz). In the two-semitone condition, the B-tone frequency was 350 Hz. In the six-semitone condition, the B-tone frequency was 450 Hz. The other parameters were the same as for the four-semitone condition.
Procedures
In an experimental trial, the listeners were presented with 200 repetitions of ABA-patterns. Forty to forty-eight trials were conducted for each listener. One trial lasted 88 s. A short break (about 5 s) was inserted between trials. The listeners took a longer break (typically 5 min) after completing four successive trials. Listeners were instructed to press a button on the right hand side whenever they experienced perceptual switching to one stream and press a button on the left hand side whenever they experienced perceptual switching to two streams. The responses obtained in that way were used to track perceptual states during stimulus presentation. No instruction was given to the listeners as to biasing attention to either S1 or S2.
For the listeners included in the two-and six-semitone conditions, the experiments were split into two sets of trials and were conducted on separate days. Sixty trials were conducted in random order in one day. These sixty trials were performed under two-, four-and six-semitone conditions. The procedure was essentially the same as for the four-semitone condition mentioned above. The data for the two days were averaged in the analysis for these listeners.
Electrophysiological recordings were made simultaneously with the above perceptual recordings. Evoked potentials were differentially recorded with AgeAgCl electrodes between the vertex (Cz) and ipsilateral earlobe, with the forehead as a ground. Interelectrode impedances were maintained below 5 kU for all recordings (Skoe and Kraus, 2010) . The responses were acquired by a BIOPAC system (MP150 data acquisition system, ERS100C evoked potential amplifier). Responses were sampled at 20 kHz and amplified 10,000-fold. During the experiment, the listeners reclined comfortably in a sound-attenuating chamber.
Data analysis 2.4.1. Data acquisition
For each trial, the data were divided into 200 segments (or epochs). Each epoch corresponded to one ABA-stimulus presentation. To assess the correlation between the responses and the bistable percepts, the responses were classified according to behavioral reports of the perceptual state (S1 or S2). Then the classified data were averaged within each perceptual category for each listener. Before averaging, data screening was conducted to avoid various kinds of artifacts. Epochs with activity exceeding ±30 mV were considered to contain electrical artifacts and were rejected. The responses to the ABA-patterns immediately before and after the button press were excluded from the analysis because of the ambiguity of the timing of perceptual switching. Sometimes, one of the buttons was pressed successively (e.g., S1 followed by S1). We considered this as indicating that the listener lost track when reporting his or her perceptual state. Thus, the data after such a successive button press were excluded from the analyses. In some instances, the timing of the first button press had an unusually long latency. We suspected that this long latency was due to a low level of alertness: the listeners often felt drowsy during this simple psychophysical task. Thus, the data for trials with a first-response latency that exceeded an arbitrary criterion were discarded. The criterion was calculated for each listener and was the 75th percentile þ1.5 Â interquartile range (the difference between the 75th percentile and 25th percentile). The averaged criterion across all the liseners was 2.63 s, and the standard error of the mean was 0.23 s. As a result of the above screening procedure, 65% of the epochs were available for formal data analyses. We removed further epochs during the buildup stage of auditory streaming (defined as the interval from the stimulus onset to the time of the second button press; see Introduction). This was because the buildup and switching stages are likely to reflect different internal processes (Denham and Winkler, 2006) and this study focused on the switching stage. The timing of the second button press was 16.9 ± 3.25 s (mean ± s.e.m.). The number of available epochs often differed between S1 and S2. The number of epochs for the perceptual state with the larger sample size was reduced by random sampling of the epochs (without replacement) to match the number of epochs used for averaging between the states.
FFR analysis
For the FFR analysis, responses were off-line filtered with a passband between 200 and 1200 Hz (attenuation slope: 6 dB/oct). Then, the amplitude spectrum of the averaged responses was computed by fast Fourier transformation (FFT) with a 50-ms Hanning window (the frequency resolution was 5 Hz, via zero padding to 4000 samples). The spectrogram of the FFR amplitude was obtained by sliding-window FFT with 5-ms steps. Only the stimulusfrequency components during the tone presentation were used in the statistical analysis. Three listeners whose signal-to-noise ratio (SNR) for each tone was less than 5 dB were excluded from the FFR analysis because their brainstem responses were too weak to analyze. The noise floor was defined as the spectral amplitude of the stimulus-frequency component in the pre-stimulus 50-ms region, and the signal was defined as that during the tone presentation.
MLR analysis
For the MLR analysis, responses were off-line filtered with a passband between 10 and 80 Hz and evaluated by means of two negative peaks (Na, Nb) and two positive peaks (Pa, Pb) in the waveform. The respective latencies of these peaks were typically around 25 (Na), 35 (Pa), 50 (Nb), and 65 ms (Pb) after the stimulus onset. The Na peak is assumed to reflect the activity of the medial geniculate body in the thalamus (Picton et al., 1974) or the medial part of Heschl's gyrus (Yoshiura et al., 1995) . The Pa, Nb and Pb peaks are assumed to reflect the activities of cortical auditory areas, namely the medial part of Heschl's gyrus (primary area), the lateral part of the primary area/supratemporal gyrus (STG) and the anterolateral part of Heschl's gyrus (secondary area), respectively (Li egeois-Chauvel et al., 1994; Yvert et al., 2001) . We used the average waveform values in the intervals between 20 and 30 ms (Na amplitude), 31 and 41 ms (Pa amplitude), 42 and 54 ms (Nb amplitude), and 58 and 70 ms (Pb amplitude) to represent the size of each peak (see Fig. 3 ). Particular attention was paid to the average difference between positive and negative peaks, namely, the NaePa and NbePb amplitudes. The peak-to-peak amplitude was considered to be robust to the slow fluctuation in baseline potential. One listener whose average NbePb amplitude for all tones was zero or less was excluded from the MLR analysis because it was considered that the Nb/Pb value of this listener was insensitive to the tones.
The time course of responses
The time courses of the FFR and MLR variations were analyzed around the time of perceptual switching. The data used for the analysis were screened in the following way. We excluded trials associated with short inter-switching intervals to avoid the interactions of neighboring perceptual switches. Specifically, we discarded data for which the interval between the target button press and the preceding/following button press was less than the duration of 14 presentations of an ABA-sequence (i.e., 6.16 s). We chose this time range in order to examine the response changes for as long as possible. When we chose a duration longer than 6.16 s, we could not obtain a sufficient number of trials for averaging the responses because of the subsequent data screening. Only a small number of valid samples could be obtained for listeners with a relatively large amount of perceptual switching (i.e., relatively short intervals between perceptual switches). Thus, we disregarded the data for listeners with an average number of valid samples of 50 or less. The data provided by seven out of twenty-five listeners remained after this screening (twenty five listeners were included in both the FFR and MLR analyses). In this analysis, we focused on those FFR and MLR components that in our previous analysis (see above) were sensitive to perceptual state (S1 vs S2). First, we extracted these components and their time points relative to the switching times. Second, these components were smoothed by running averaging using a window spanning eight presentations of an ABA-sequence (i.e., window duration of 3.52 s) for each listener and switching time. Third, the smoothed data were resampled in 100-ms steps by linear interpolation. Then, for each listener, the smoothed and resampled data traces around target button presses were extracted and averaged across the button presses.
Statistical analysis
In the statistical analysis, two-way repeated-measures ANOVAs were performed on the stimulus-frequency components of the FFR, NaePa, and NbePb amplitudes of the MLR with "tone" (first A tone, B tone or second A tone) and "perceptual state" (one stream or two streams) as factors. In all ANOVAs, we report the F values, the p values and the partial h 2 values. The degrees of freedom for omnibus tests were adjusted by the Greenhouse-Geisser method whenever the data violated the sphericity assumption of ANOVA (Mauchly's sphericity test) (Greenhouse and Geisser, 1959) .
Results
Buildup and bistability of auditory streaming
The buildup of streaming over about 20 s can be clearly observed in Fig. 1b , followed by the switching stage, in which spontaneous perceptual switching occurred randomly in a stochastic manner. The average probability of a two-stream percept in the switching stage was 0.48 ± 0.02 (mean ± s.e.m.).
FFR reflects the perceptual state of auditory streams
The FFR resembled to the stimulus. The FFR spectrogram for the ABA-pattern, averaged across listeners and perceptual states, faithfully reflected the stimulus spectrogram (Fig. 1c,d) . The responses were classified according to behavioral reports of the perceptual states (S1 or S2, Fig. 1a) . The classified data were averaged in the time domain within each perceptual state and for each listener, and then spectrograms were computed. The difference between the spectrograms for S1 and S2 was computed for each listener, and it is represented as a t-value (Fig. 1e) . A significant difference was observed during the second A tone (uncorrected for multiple comparisons).
A 3 (tone; first A, B, and second A) Â 2 (perceptual state; S1 and S2) repeated-measures ANOVA on the spectral amplitudes of the stimulus-frequency components revealed a significant main effect of tone (F(2, 50) ¼ 6.03, p ¼ 0.005, h 2 ¼ 0.19) and a significant interaction between tone and perceptual state (F(2,50) ¼ 4.19, p ¼ 0.021, h 2 ¼ 0.14). A simple main effect test revealed that the FFR for the second A tone was significantly smaller for S1 than for S2 (F(1,25) ¼ 9.69, p ¼ 0.005, h 2 ¼ 0.28, Fig. 2a) . Eighteen of twenty-six listeners exhibited larger responses to the second A tone in S2 than in S1 (Fig. 2b) .
MLR also reflects perceptual state
The MLR waveform is considered to originate from the thalamocortical pathway. The recorded MLR consisted of two negative peaks (Na, Nb) and two positive peaks (Pa, Pb) for each tone. The amplitude differences between Na and Pa and between Nb and Pb were evaluated for each tone (Fig. 3) . The responses were averaged in the time domain and the amplitude differences were computed for each listener and each perceptual state.
We performed two separate 3 (tone; first A, B, and second A) Â 2 (perceptual state; S1 and S2) repeated-measures ANOVAs for the MLR: one on the NaePa amplitude and a second on the NbePb amplitude. There was no correction for multiple comparisons. The ANOVAs revealed no significant difference between the perceptual states for the NaePa amplitude but a significant interaction between tone and perceptual state for the NbePb amplitude (F(2, 54) ¼ 4.77, p ¼ 0.012, h 2 ¼ 0.15). A simple main effect test showed that the NbePb amplitude of the MLR evoked by the B tone was significantly smaller for S1 than for S2 (F(1,27) ¼ 8.55, p ¼ 0.007, Fig. 4a ). Nineteen of twenty-eight listeners exhibited larger responses to the B tone in S2 than in S1 (Fig. 4b) . There was also a significant simple main effect of tone in the two-stream percepts (F(2,54) ¼ 7.74, p ¼ 0.001, h 2 ¼ 0.22), and a Bonferroni procedure revealed that the NbePb amplitude of the MLR in S2 was significantly greater for the B tone than for the first A tone (adjusted p value ¼ 0.002, Fig. 4a ).
Time course of response changes around perceptual switching
The analyses revealed an association of perceptual states with both FFR and MLR. A question arises as to the causal relationship between these brain activities. Here, we explored two possibilities. If bottom-up projections from the brainstem modulate thalamocortical activity, we would expect to observe perceptualswitching-related FFR changes preceding MLR changes. If topdown projections from the higher thalamo-cortical areas modulate brainstem activity, the opposite would be expected. We examined the courses of the FFR and MLR variations around the time of perceptual switching.
We focused on the FFR during the second A tone and the NbePb amplitude of the MLR evoked by the B tone, since the earlier analyses indicated that those two values were sensitive to the perceptual state. The time courses of the responses around the two classes of button presses (S1 to S2 or S2 to S1) were compared for FFR and MLR (Fig. 5) . The figure shows the averages and standard errors across the seven listeners whose data could be used for the analyses, plotted as a function of time relative to the time of the button press (see Methods). The spectral amplitude in the FFR for the second A tone and the NbePb amplitude of the MLR evoked by the B tone were converted to z-scores before averaging across the listeners. It appears that changes in MLR generally preceded those in FFR: characteristic positive-going slopes were distributed around À4 and 0 s for the MLR and FFR, respectively, for perceptual switching from S1 to S2 (panel A), and characteristic negative-going slopes were distributed around À4 and 1 s for perceptual switching from S2 to S1 (panel B). The temporal precedence of the MLR was confirmed quantitatively by computing the cross-correlations between the FFR and MLR functions. Fig. 6 shows the histogram of the time lag at which the cross-correlation function was maximum (referred to hereafter as the best time lag), derived by a bootstrap method: To obtain a single best time lag, the average time-course function was calculated based on seven resampled functions, with replacement, from the functions for the seven listeners, and then, the cross-correlation between the FFR and MLR functions was computed. This procedure was repeated 1000 times. The histogram showed that the best time lags clustered above zero, indicating that an MLR change tended to precede an FFR change: For switching from S1 to S2, 97% of the bootstrapped samples exceeded zero (Fig. 6A ). For switching from S2 to S1, 65.7% of bootstrapped samples exceeded zero, and there was a major cluster between 0 and 5 ms lags (Fig. 6B) .
Effect of frequency difference on responses
The previous analyses imply that changes in cortical activity lead to changes in brainstem activity. What specific mechanism underlies the changes in the FFR? Considering the role of the brainstem as a feature extractor and the existence of a tonotopic representation, we hypothesized that stream-perception-related changes in the FFR reflect changes in the internal representation of frequency separation in the brainstem. The internal representation of the separation of the A-and B-tone frequencies during the S1 period might be smaller than that during the S2 period. It is known that the probability of S1 percepts increases as the physical separation between the tone frequencies decreases (van Noorden, 1975; Moore and Gockel, 2012) . This hypothesis is attractive because it could explain why the perception-related change in the FFR was observed only for the second A tone. Consider the suppression of the responses to the second A tone produced by the preceding B-and first A-tone responses. We can expect that the suppression of the second A-tone response would increase as the internal representation of the frequency separation between the A and B tones decreases.
A supplementary experiment was conducted to test this hypothesis indirectly. We recorded the FFR for an ABA-sequence with physical AB-frequency differences of two, four, and six semitones. If the hypothesis is correct, the FFRs to the second A tone for large and small physical frequency separations should resemble those for the S2 and S1 percepts, respectively.
Thirteen of the thirty listeners who participated in the main experiment took part in the supplementary experiment. The responses were averaged for each listener without classifying them according to the perceptual states (Fig. 7) . A 3 (tone; 1st A, B, and 2nd A) Â 3 (frequency difference; 2, 4 and 6 semitones) repeatedmeasures ANOVA on the amplitude of the stimulus-frequency components of the FFR revealed a significant interaction between The MLR amplitudes were analyzed in the same way as the FFR. The repeated-measures ANOVA revealed no significant main effect or interaction for either the NaePa or NbePb amplitudes of the MLR evoked by each tone.
Discussion
The present results demonstrate that the FFR and MLR, which reflect activities in different neural sites (brainstem and thalamocortical pathway, respectively), varied with the perceptual state (S1 or S2) of human listeners. One might question whether the FFR involves neural activities other than brainstem activity. Several lines of evidence lead us to believe that the FFR originates from the brainstem (for a review, see Chandrasekaran and Kraus, 2010) . For example, a lesion or the cooling of brainstem nuclei greatly suppressed the FFR, while the cochlear microphonic (CM), which is the electrical potential originating from hair cells, could be recorded at the round window (Marsh et al., 1970; Gardi et al., 1979; Smith et al., 1975; Sohmer et al., 1977) . Further, the FFR can be recorded for frequencies as high as about 1.5 kHz, reflecting brainstem phase-locked activity (Moushegian et al., 1973; Aiken and Picton, 2008) . This phase-locking frequency is far above the frequency limit of cortical synchronization (maximum of 250 Hz) (Wallace , 2002) . Therefore, it is unlikely that the FFR directly reflects cortical activity.
The involvement of brainstem processes in the perceptual organization of sounds is consistent with the findings of Pressnitzer et al. (2008) . They recorded single-unit responses of neurons tuned to the B-tone frequency in the cochlear nucleus of anesthetized guinea pigs for several frequency separations between A and B tones. They suggested that neural adaptation in the cochlear nucleus could explain the buildup of perceptual streaming, which would indicate that the neural processing of buildup begins in the cochlear nucleus. There are considerable differences between their study and ours. We demonstrated a direct correspondence between neural activity and behavioral reports of streaming percepts, whereas Pressnitzer et al. did not measure the neural and behavioral responses simultaneously. It is unlikely that simple neural adaptation can explain perceptual switching or bistability because adaptation is likely to be a unidirectional phenomenon. Theories of visual bistability also suggest the insufficiency of adaptation to explain perceptual switching and require competitive interactions between multiple neural sites (Tong et al., 2006) .
It has been argued that the formation and selection of auditory objects involve a widely distributed network including both subcortical and cortical areas (Kondo and Kashino, 2009; Schadwinkel and Gutschalk, 2011; Kashino and Kondo, 2012 ; for a review of visual bistability, see Tong et al., 2006; Sterzer et al., 2009 ). Our findings not only provide support for this argument but also suggest that the network extends to as early as the brainstem level. The present study demonstrated the temporal precedence of changes in the MLR over changes in the FFR around the time points of switches between perceptual states. This suggests a role for top-down influence from the thalamocortical pathway to the brainstem in auditory stream formation. Kondo and Kashino (2009) showed that the activity of the medial geniculate body (MGB) in the thalamus occurred earlier than that of the auditory cortex (AC) during switching from nondominant to dominant percepts, while the activity of the AC occurred earlier than that of the MGB during switching from dominant to non-dominant percepts. The dominant percept was manipulated by varying the frequency difference between A and B tones. This asymmetry of temporal precedence suggested that feedforward and feedback processes in the thalamo-cortical loop are involved in the formation of percepts in auditory streaming.
The present result suggests that the brainstem is also involved in the network dealing with the perceptual formation of auditory streams.
It remains unclear why an effect of perceptual state was observed only for the second A tone with the FFR, and only for the B tone with the MLR. We hypothesized that the effect on the FFR during the second A tone could be accounted for by the change in the internal representation of frequency separation and suppression. However, the results indicated that the neural representation corresponding to the S1 or S2 percepts was not similar to the representation of the smaller or larger frequency separations, respectively. This is inconsistent with the prediction from feature separation theory (the idea that one-and two-stream percepts are associated with smaller and larger separations of the neural population, respectively) (Fishman et al., 2001 (Fishman et al., , 2004 Shamma et al., 2011) . The feature separation theory needs further examination at least at the brainstem level.
As regards MLR, Gutschalk et al. (2005) demonstrated that the P1 component of a B-tone-evoked MEG signal covaries with the bistable percepts, which is similar to the present finding of the effect on the Pb component of the B-tone MLR. In their study, the latency of the P1 component was around 50e70 ms relative to the onset of the tone. This is consistent with the latency of the Pb component of the MLR in the present study. This similarity suggests that the sources of the effect on the Pb component of the MLR and the P1 component of the MEG signal are the same. Further investigations are needed to explore the mechanisms of the effect of perceptual state on the FFR and MLR.
A role of subcortical processes in bistable perception has also been suggested for binocular rivalry. With binocular rivalry, the activity in the lateral geniculate nucleus in the thalamus is reduced during perceptual alternations when the stimulus presented to the preferred eye is perceptually suppressed (Haynes et al., 2005; Wunderlich et al., 2005) . We would like to emphasize here that there is a fundamental difference between bistability in auditory streaming and in binocular rivalry. Binocular rivalry can be explained by the suppression of either of the two inputs, whereas perceptual alternations of auditory streams require a more abstract interpretation of auditory scenes, which cannot be explained by the simple suppression of the sensory inputs.
The brainstem has often been thought of as a set of feature detectors and relay stations in the hierarchy of auditory processing, or more broadly, as playing roles in primitive biological functions such as sleep cycle regulation, the maintenance of consciousness, and the modulation of arousal level. The present results have provided a fresh view: the brainstem is part of a distributed neural system that deals with auditory perceptual organization, which has been often associated with higher cortical areas (Gutschalk et al., 2005; Winkler et al., 2005) . and two anonymous reviewers for helpful comments on earlier versions of the manuscript.
